. Crop salt tolerance relationships for (A) tree and berry crops and (B) row crops. where EC t is the threshold soil salinity (Table 1) and b is the slope of the graphed line that describes the relationship between Y r and EC e (Table 1) . Similar threshold values have been found for most tree crops ( Figure 1A ), demonstrating that most tree crops are sensitive to soil salinity (pistachio and olive trees are two exceptions). Threshold values vary considerably for row crops ( Figure 1B ), ranging from sensitive (strawberry and lettuce ) to moderately sensitive (tomato and broccoli) to salt tolerant (asparagus, artichoke, and cotton). Actual EC e threshold values may be 1 to 3 dS/m higher for gypsiferous soils (soils with large amounts of gypsum) than those shown in Table 1 .
Crop Response
The effect of soil salinity on crop yields is generally shown by a crop tolerance graph that shows no effect on the yield until the soil salinity reaches a threshold limit, beyond which there is a linear decline in yield as soil salinity increases (Maas and Grattan 1999) . The common way to measure the salinity of irrigation water or soil is to measure its electrical conductivity (EC), measured in deciSiemens per meter (dS/m). For soil salinity (EC e ), you measure the EC of a saturated paste solution of soil and water extracted from the soil. Threshold soil salinity (EC t ) is the highest EC e at which there is still no yield reduction. The relationship those that were used decades ago, as illustrated by some recent studies. One study on the effect of salinity on the yields of 14 sweet corn cultivars showed yields that range from 54 to 82 percent of the maximum yield of each variety when the plants were irrigated with a 6.2 dS/m irrigation water (Pasternak et al. 1995) . A recent study using 10 cultivars of processing tomatoes revealed relative yields ranging from 35 to 73 percent of the maximum yield of each variety for treatments that were drip-irrigated with a 6.0 dS/m irrigation water (Gawad et al. 2005) . Because of the variety effect, it is difficult to make a blanket conclusion that drip irrigation will or will not reduce the effect of salinity on crop yield. Unfortunately, little information exists on the yield effects of varietal salt tolerance for crops grown in California.
Salt Distribution around Drip Lines
Wetting patterns and root distribution Salt distribution around drip lines is a reflection of the wetting patterns during irrigation and the subsequent redistribution of soil water content. Wetting patterns around a surface drip line ( Figure 2A ) and a subsurface drip line ( Figure  2B ) just after an irrigation show that soil water content varies around the drip line. The wettest soil is near the drip line and the driest is at the periphery of the wetted pattern.
Does drip irrigation reduce soil salinity's effect?
Data from Maas and Grattan (1999) come from studies using sprinkle or surface irrigation, many of which were conducted decades ago. For this reason, we reviewed more recent literature on the effect of soil salinity or irrigation water salinity on yield of drip-irrigated crops in order to understand the effect of drip irrigation on the salinityyield relationship.
Results of this review were mixed. Some studies showed that under drip irrigation the effect from soil salinity on yields of lettuce, onion, and potato was smaller than would be expected on the basis of earlier data. Other studies showed the yield response under drip irrigation for tomato, maize, and bell pepper to be similar to that predicted by the earlier data. Drip irrigation causes less foliar salt accumulation than sprinkle irrigation, so it can give better yields if the crop is sensitive to foliar salt (like peppers), while yields for more tolerant crops (like cotton) remain unchanged.
One complicating factor when you compare drip and non-drip systems is that soil salinity varies around drip lines, and that makes the estimation of salinity levels over time and distance more difficult. For these comparisons, the researchers used average soil salinity values over time near drip emitters for the root zone salinity levels. Another complicating factor is the difference in salt tolerance that is characteristic of different crop varieties. The varieties in use today may respond differently to salinity than Root distribution around drip lines also reflects wetting patterns. The roots of a row crop are highly concentrated near drip lines (the zone of wettest soil) if the drip line placement coincides with the plant row (Hanson and May 2007) . Drip lines that are offset from plant rows may shift the zone of highest root density away from the drip line.
Salt distribution
Factors that affect root zone soil salinity under drip irrigation include the salinity of the irrigation water, the amount of water applied, the soil's hydraulic characteristics, the placement of drip lines relative to plant rows, and subsurface or surface placement of drip lines. Under saline, shallow groundwater conditions, the groundwater depth and salinity are also factors. Near the drip emitter, soil salinity will be the least and will reflect the salinity of the irrigation water. Soil salinity increases with distance from the emitter so that relatively large values can be detected near the periphery of the wetted pattern. Under subsurface drip irrigation, salt also accumulates above drip lines.
EC i indicates the electrical conductivity of an irrigation water. Under conditions found in commercial fields, irrigation with saline water (EC i of 1.5 to 2.0 dS/m) resulted in relatively low salinity levels in the area extending downward from surface drip lines and larger salt accumulations in the areas between drip lines and near the edge of the bed for sandy loam ( Figure 3A ) and clay loam ( Figure 3B ) soils. The low-salinity zone extended further horizontally in the clay loam soil than in the sandy loam. Under subsurface drip irrigation using saline water (EC i = 2.5 dS/m), salt accumulated above the drip line, with the highest levels occurring near the soil surface ( Figure 4 ). Soil salinity was lower around and below the drip line. groundwater for that water table depth. Where the water was the same salinity but the water table was about 3 feet deep, soil salinity varied considerably with distance from the drip line ( Figure 5B) , with a relatively low soil salinity level near the drip line. Salinity levels near the edge of the wetting pattern reflected an upward flow of saline groundwater. Higher soil salinity levels near the drip line occurred with a higher-salinity irrigation water (EC i = 1.1 dS/m) ( Figure 5C ).
Under saline, shallow groundwater conditions such as exist along the west side of the San Joaquin Valley, the upward flow of saline groundwater may or may not affect root zone soil salinity, depending on the depth of the water table. A relatively uniform soil salinity profile was found in a clay loam soil with a water table depth of about 6 feet ( Figure 5A ) and a water EC i value of 0.3 dS/m, indicating little upward flow from the 
Salinity Control
The key to profitable drip irrigation under saline conditions is the control of salinity levels in the root zone. This involves leaching salts from the root zone by applying irrigation water in excess of the soil water depletion. The leaching fraction (the ratio of the amount of water that drains below the root zone and the amount of infiltrated water) is a measure of the adequacy of leaching. The objective of leaching is to maintain soil salinity levels at, or reduce them to, levels that are equal to or less than the threshold soil salinity for your particular crop. Two strategies are commonly used: reclamation leaching and maintenance leaching.
Reclamation leaching
In reclamation leaching, you reduce excessive soil salinity (salinity that exceeds the threshold value) to values equal to or smaller than the threshold soil salinity of your particular crop. The specifics of a reclamation leaching program using drip irrigation consist of the amount applied per irrigation, the frequency of irrigations, and the length of the reclamation period. One study of an initially saline soil showed that water applications applied twice per week reclaimed the soil more quickly 
Leaching considerations
The application of sufficient water via drip irrigation results in highly concentrated leaching near the drip lines, a phenomenon known as localized leaching. (The term "localized leaching" is used because most of the leaching occurs near the drip lines, in contrast to the leaching typical of sprinkle and flood irrigation systems, where leaching occurs throughout the entire soil profile.) Soil salinity is the lowest in this highly leached zone and is a fairly accurate reflection of the irrigation water's own salinity ( Figure 6A ). Leaching decreases with distance from drip lines, with no leaching midway between adjacent drip lines. There, the soil salinity is the highest. This leaching pattern reflects the natural pattern of wetting in the soil during drip irrigation. If, however, the volume of applied water is too small, salt can accumulate near drip lines when you irrigate with saline water ( Figure 6B ). An increase in the volume of applied water also increases the zone of low-salinity soil around drip lines (Figure 7) .
Research has shown that, for surface drip irrigation, an increase in the leaching fraction also increases the crop yield for many vegetable crops, including celery, cauliflower, lettuce, cowpea, and tomato (Hoffman et al. 1979; Hoffman and Jobes 1983; Jobes, Hoffman, and Wood 1981) . Other researchers found similar correlations for subsurface drip-irrigated processing tomatoes in the San Joaquin Valley (Hanson and May 2004; Hanson, Hutmacher, and May 2006) . This phenomenon is caused by a combination of lower soil salinity near the drip lines, a larger zone of low-salt soil around the drip lines, and a higher soil water content near the drip lines, with an increased leaching fraction resulting from an increase in the quantity of applied water. than the same amount of water divided into smaller, daily applications (Hanson, Hopmans, and Simunek 2008) . At both frequencies, however, the volume of low-salinity soil near drip lines increased over time, eventually becoming similar in volume. During the reclamation period, the amount of leaching water per irrigation was constant but the salinity of the leaching water percolating below the root zone decreased over time as the zone of low-salinity soil expanded.
Maintenance leaching
For maintenance leaching, you control soil salinity in the root zone throughout a crop season so as to prevent the soil salinity near drip lines from exceeding the threshold soil salinity for the crop. This requires that you apply sufficient irrigation water at a high enough frequency to guarantee adequate leaching in the root zone. Irrigation frequencies of two to three times per week may be sufficient for crops that are at least moderately sensitive to salinity. Daily irrigations may be required for salt-sensitive crops.
In areas with shallow, saline groundwater, you have to manage drip-irrigation systems carefully to maintain sufficient root zone leaching and at the same time prevent saline groundwater from encroaching into the root zone as a result of a rising water table. Field experience has shown that drip irrigation is feasible for processing tomatoes under very shallow, saline groundwater conditions (where the water table is between 18 and 24 inches deep) when you use daily drip irrigation applications, but the amount of applied water should be equal to the crop's evapotranspiration between irrigations and the depth to groundwater should be continuously monitored (Hanson, Hutmacher, and May 2006) . is necessary to control root zone soil salinity above the drip lines. Sufficient leaching water should be applied to move the salts below the drip line, where they will eventually leach with subsequent drip irrigations. Failure to move the salts below the drip lines will result in their re-accumulation above the drip lines.
Drip Irrigation Salinity Management for Row Crops
The placement of drip lines relative to plant rows is critical to salinity control with drip irrigation, particularly for salt-sensitive row crops. Salinity control will be best where drip lines and plant rows coincide, since the root density of row crops generally will be greatest near the drip lines where leaching will also be greatest (this may not be the case for tree or vine crops). When you offset the drip lines from the plant rows, you can shift the zone of highest root density away from the most highly leached soil. In some cases, you end up putting most of the roots in areas of higher soil salinity. The leaching pattern under drip irrigation and its effect on the pattern of soil salinity should be a consideration when you replace drip lines, and buried drip lines in particular. Under subsurface drip irrigation, drip lines and beds may remain in the same place for many years, with the potential that you will create a zone of very high salinity midway between the drip lines. New drip lines should be placed as close as possible to the locations of the old drip lines in order to keep the root zone from encroaching into this zone of potential high soil salinity. If you do place new drip lines in the high-salinity zone, you may have to conduct reclamation leaching in advance of the crop season.
The zone of highly leached soil may be relatively small for sandy soils when compared to fine-textured soils, as illustrated in Figure 3 . There was more relatively low-salt soil in the soil profile for the clay loam soil than for the sandy loam soil.
Water flows upward from drip lines in a subsurface drip-irrigation system. Thus, no leaching occurs above the buried drip lines, resulting in an accumulation of salt near the soil surface, as illustrated in Figures 4 and 5 . Periodic leaching from either rainfall or sprinkle irrigation Another approach is the water balance method, commonly used to estimate fieldwide leaching fractions by means of comparing the cumulative amounts of applied water and evapotranspiration for a given time period. The amount of water available for leaching is the difference between applied water and evapotranspiration, assuming that the soil moisture is at field capacity at the start of the crop season. Again, though, field studies indicate that the water balance method may be inappropriate for drip irrigation because it does not account for the effect that the wetting pattern around the drip line has on leaching. This wetting can cause more leaching near drip lines than would be estimated by the water balance method, even under deficit irrigation (when the total applied water is less than 100 percent of evapotranspiration). Two studies support this conclusion.
A USDA ARS study conducted in western Fresno County estimated actual leaching fractions for dripirrigated almonds in silt loam to clay loam soil, measured in terms of soil chloride concentrations (Nightingale et al. 1991) . Amounts of applied irrigation water were 50, 100, and 150 percent of the estimated evapotranspiration for the almond trees. The water balance method would indicate that no leaching should occur for the 50 and 100 percent applied water treatments and that a 50 percent leaching fraction should occur for the 150 percent treatment, but actual leaching fractions 
Estimating the Leaching Fraction
Several methods have been used in the past to determine the leaching fraction in commercial fields. One method involves measuring the irrigation water EC and the average root zone soil salinity (EC e ). Sometimes, chloride concentration are used instead of EC. These data are then used to derive the leaching fraction using leaching curves or appropriate equations. These equations, however, were developed for flood and sprinkle irrigation. Because both salt and root patterns vary horizontally as well as vertically around drip lines, the old equations may not yield results that are useful for a drip-irrigated field. 
Monitoring Soil Salinity
Estimation of actual leaching fractions under drip irrigation may be difficult because leaching varies throughout the wetting pattern that surounds a drip line. It makes sense, though, to monitor soil salinity over time to determine whether leaching is sufficient. Because soil salinity varies with distance from drip lines, the sampling location is important. One approach is to collect soil samples near the drip lines, determine the EC e of the samples, and compare these EC e values to the threshold salinity of the crop. Soil sample values that are higher than the threshold levels may indicate insufficient leaching. For row crop drip systems where the drip line location coincides with plant rows, we recommend taking samples within the first 6 inches from the drip line because research has shown that most of the roots will be found near the drip lines. The actual EC e must be determined on the basis of a laboratory analysis. Note that some laboratories measure soil salinity using a paste of soil and water in ratios such as 1:5 or 1:10. EC values determined using these ratios will differ from those determined from EC e for a given soil salinity. While you can use these values to monitor soil salinity over time, they cannot be used with the values listed in Table 1 , which were determined from EC e data. It is important that you use EC e values to determine soil salinity, since a crop's yield response is based on EC e . were 4 to 6 percent for the 50 percent water treatment, 10 to 22 percent for the 100 percent treatment, and 31 to 36 percent for the 150 percent treatment. The soil was well reclaimed before the start of this trial and the trees had been established on low-salinity water for 3 years prior, and then irrigated with saline water for 4 years before the researchers obtaining these results.
A second study conducted out of UC Davis showed that under saline shallow groundwater conditions, the fieldwide amounts calculated for leaching by means of the water balance method revealed little or no fieldwide leaching in four fields of processing tomatoes, suggesting that there was inadequate salinity control and raising questions about the long-term viability of drip irrigation under saline conditions May 2004, Hanson et al. 2009 ). The soil salinity data, however, clearly showed substantial localized leaching around drip lines and showed that the overall leaching was concentrated near the drip lines ( Figure 5B and 5C). Computer simulations revealed actual or localized leaching fractions of 7.7, 24.5, and 30.5 percent for water applications of 60, 100, and 115 percent of the estimated evapotranspiration for the processing tomatoes (Hanson, Hopmans, and Simunek 2008) . Even for water applications that would conventionally be considered severe deficit irrigation, the drip system still caused drainage below the root zone as a result of the wetting patterns under drip irrigation.
yield. Because it is so difficult to estimate localized leaching fractions, you may have to use a trial-and-error process to determine the optimal leaching fraction for a given irrigation water salinity.
• By placing drip lines near plant rows, you can take advantage of the low-salt zone and the tendency for root patterns to develop near drip lines. Drip lines that are offset from plant rows may result in higher rootzone soil salinity Periodic sprinkle-irrigation leaching of salt that accumulates above the buried drip lines will be necessary for stand establishment if winter and spring rainfall levels are too low.
• Drip-irrigation systems should be designed for a highly uniform application of water in order to ensure adequate leaching throughout most of the field.
• Drip-irrigation systems should be properly maintained to prevent clogging of emitters, since any clogging will reduce the leaching fraction. Detailed information on clogging prevention and correction are in Maintaining Microirrigation Systems (UC ANR Publication 21637).
Final Considerations
Here are a few things to consider as you develop a plan for salinity control under drip irrigation:
• Based on the research results cited in this publication, your water applications should be at least equal to the crop evapotranspiration. This amount of water appears to provide sufficient localized leaching. Based on research results, application of an amount of water about equal to the crop evapotranspiration will result in a leaching fraction of about 10 to 25 percent, most of it occurring around and directly beneath the drip line. Water applications in excess of crop evapotranspiration under shallow groundwater conditions may cause the intrusion of saline groundwater into the root zone.
• The electrical conductivity of the low-salt soil near drip lines will reflect the electrical conductivity of the irrigation water. The effect of the irrigation water salinity on crop yield will depend on the crop's level of salt tolerance and the amount of leaching. Water applications in excess of crop evapostranspiration may be necessary in an adequately drained soil in order to reduce the effect of the irrigation water's salinity on crop
